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Introduction
The glycemic response to meals is primarily controlled by the delivery of carbohydrates from the stomach into the duodenum and the consecutive release of insulin in response to absorbed glucose. Both mechanisms are subject to regulation by the physical and chemical properties of ingested nutrients and by gut hormones and neurotransmitters.
An interesting observation was the outcome of oral glucose tolerance tests yielding a remarkable intra-individual variability (1) . This was explained by the hypothesis that the velocity of the initial phase of glucose emptying from the stomach may depend on the grade of interdigestive antral motor activity at the time of glucose ingestion (2) . In contrast, after intraduodenal perfusion of glucose, glucose plasma levels were not affected by the preceding interdigestive phase (2) . After the initial emptying phase, the rate of gastric emptying of carbohydrate-containing liquids was suggested to be calibrated precisely at ‫ف‬ 2 kcal/min (3, 4) .
Recent studies have challenged the concept of an initial phase-dependent and subsequent linear, energy-constant gastric emptying of glucose. Phase-related changes in gastric emptying of nonnutrient liquids have less impact on emptying rates with increasing volumes of ingestion (5) . The rate of initial emptying of liquids correlates with the volume of the meal independently of the preceding interdigestive phase (5) . Moreover, in another study, energy delivery to the duodenum was not constant for different loads but correlated with meal volume and energy density (6) . Gastric emptying of glucose was faster after dietary supplementation with glucose for 3 d (7) . All these findings argue against a preset constant rate of gastric emptying of glucose. This emptying pattern is still a matter of conjecture.
Glucagon-like peptide-1-(7-36)amide (GLP-1) 1 and glucose-dependent insulinotropic peptide (GIP) are the major hormonal mediators regulating postprandial insulin release. Both peptides are released from endocrine cells in the intestinal mucosa after ingestion of carbohydrates and enhance postprandial insulin release from the pancreatic ␤ cell (8) (9) (10) . Therefore, both hormones fulfill the criteria of incretin hormones (10). GLP-1 decreases postprandial glucose plasma levels by enhancing insulin secretion, lowering glucagon release, and stimulating insulin-independent glucose disposal in peripheral tissues (11, 12) . Moreover, exogenous GLP-1 inhibits gastric emptying of liquid meals (13, 14) . This suggests that GLP-1 could be a hormonal regulator of gastric emptying of carbohydrates.
Whereas many studies have focused on the biological effects of GLP-1, the mechanisms controlling its release remain to be elucidated. These mechanisms are of particular interest since peak plasma levels occur in the early postprandial period (9) , independent of contact of nutrients with the majority of GLP-1-synthesizing L cells located in the ileum and colon (15, 16) .
Therefore, the aim of this study was to investigate ( a ) the gastric emptying pattern of glucose; ( b ) its relation to the preceding interdigestive phase; ( c ) the antroduodenal motor pattern accompanying gastric emptying; and ( d ) the interplay between gastric emptying or duodenal perfusion of glucose, release of GIP and GLP-1, insulin release, and the resulting glycemic response.
Methods
Subjects. Eight healthy male volunteers, 24-28 yr old and within 10% of ideal body weight, participated in the studies. None of them had a family history of diabetes mellitus; none were taking medication; and none suffered from gastrointestinal symptoms or any systemic disease including diabetes mellitus. The studies were approved by the Ethical Committee of the Medical Faculty of the Philipps-University of Marburg. Written informed consent was obtained from all participants.
Experimental procedure. All studies were performed after an overnight fast. In the first series, the subjects swallowed an eightlumen duodenal and a one-lumen gastric tube with their final position fluoroscopically checked. The gastric tube with its tip positioned in the antrum was used for sampling postprandial gastric contents to determine concentrations of the meal marker and glucose. The duodenal tube incorporated two antral sideholes (2 cm apart) and five duodenal sideholes (2 cm apart). The distal antral sidehole and the proximal duodenal sidehole were separated by 5 cm. The two antral sideholes, the third and fourth sidehole, located in the duodenal bulb, and the sixth and seventh sidehole, located in the descending duodenum, were used for perfusion manometry. Through the fifth sidehole located adjacent to the papilla of Vater, the nonabsorbable marker phenol red (300 mg/liter in 0.154 mol/liter saline) was perfused at 2 ml/min. The eighth lumen was used for fractional sampling of duodenal contents from the vicinity of the ligament of Treitz.
The correct position of the duodenal probe across the pylorus was monitored throughout the study by measuring the transmucosal potential difference at the distal antral and the most proximal duodenal port (17) . These sideholes were perfused with 0.154 M saline from separate, and therefore electrically isolated, reservoirs and acted as flowing saline electrodes as well as pressure recording channels. The saline infusions were connected via salt agar bridges (1 M KCl in 3% agar) and balanced calomel half-cells to the input terminals of two high-impedance electrometers (Biomedical Engineering Dept., Academisch Ziekenhuis, Utrecht, The Netherlands). The common reference electrode was a cutaneous electrocardiogram electrode placed at the right upper arm and connected to each electrometer. A difference between the antral and duodenal transmucosal potential difference of at least 15 mV indicated correct position of the tube across the pylorus (17) .
The antral and duodenal motility recording channels were perfused at a rate of 0.3 ml/min using a low-compliance pneumohydraulic pump (Arndorfer Medical Specialists, Greendale, WI). Data were simultaneously recorded on a multichannel chart recorder (Beckman Instruments, Schiller Park, IL) and stored in the memory of an IBM PC. Data were sampled and digitized at 4 Hz.
In the first series, four experiments were performed on each subject in random order. Experiments in individual subjects were separated by intervals of at least 1 wk. With the subjects comfortably lying in a semirecumbent position, duodenal perfusion of phenol red and continuous gastric aspiration were started. After 30-60 min of equili-bration, gastric aspiration was discontinued, and each subject consumed either 50 or 100 grams of glucose dissolved in 400 ml of water yielding osmolalities of 773 and 1,610 mosmol/liter, respectively. These liquid meals were drunk within 2 min either during gastric and duodenal motor quiescence (phase I) at least 5 min after cessation of duodenal phase III activity or during active phase II (i.e., at least five antral contractions during the preceding 10 min). Each glucose solution contained 800 mg polyethylene glycol 4000 (PEG) as nonabsorbable meal marker. After the glucose drink, gastric and duodenal samples were taken in 5-min periods in the first 30 min and in 10-min periods for a further 150 min. The first gastric sample was saved 5 min after meal ingestion. At each time point, 20-30 ml of gastric contents was aspirated and mixed by agitation; a 2-ml sample was kept for analysis and stored on ice, with the remainder returned immediately to the stomach. 7-8-ml samples of duodenal contents were collected on ice during each sampling period. After 180 min, gastric contents were completely aspirated. To optimize recovery of PEG and glucose during this aspiration procedure the stomach was lavaged with 100 ml of 0.154 M saline. Antroduodenal motility was continuously recorded throughout the experiment.
To compare hormone release to oral and duodenal glucose loads, two additional experiments with duodenal perfusion of glucose were performed in each subject. In this second series, the subjects swallowed a one-lumen duodenal tube with its tip positioned in the distal part of the descending duodenum. A 12.5% glucose solution (0.5 kcal/ml, 773 mosmol/liter) was duodenally perfused at 2.2 ml/min (1.1 kcal/min) and 4.4 ml/min (2.2 kcal/min) for 180 min delivering total glucose loads of 50 and 100 grams, respectively.
In all experiments, blood samples were drawn through an indwelling venous catheter 15 min and immediately before the meal or before the start of duodenal perfusion and 5, 10, 15, 20, 30, 45, 60, 90, 120, 150, and 180 min after the end of glucose ingestion or the start of duodenal perfusion. Plasma glucose and the immunoreactivities of GLP-1, GIP, insulin, and C-peptide were determined in each sample. Blood was collected in ice-chilled EDTA tubes containing 1,000 kallikrein inhibitory units aprotinin/ml of blood and centrifuged immediately. The plasma was stored at Ϫ 80 Њ C until assayed.
Determinations and analysis of gastric emptying data. Gastric and duodenal fluid outputs were measured to the next milliliter. Duodenal and gastric samples were analyzed for concentrations of PEG and phenol red. Moreover, gastric samples were analyzed for concentration of glucose to determine the emptying pattern of glucose itself.
PEG concentrations were determined turbidimetrically by a modified method of Hyden (18) . Phenol red concentration was measured according to Hobsley and Silen (19) . Glucose concentrations in gastric samples were measured using the hexokinase enzymatic reagent (Boehringer Mannheim, Mannheim, Germany) after deproteinization with perchloric acid. Validation experiments revealed a linear increase of the extinction at 365 nm in parallel with the glucose concentration in gastric juice. To correct for inter-individual differences of the matrix of gastric juice, the kit was gauged with interdigestive gastric juice sampled in each experiment before ingestion of glucose. The slope of the regression line characterizing the relation between extinction and gastric glucose concentration was 11.9 Ϯ 0.2 mg ϫ dl Ϫ 1 ϫ ␦ E Ϫ 1 (mean Ϯ SEM) and did not significantly differ between experimental sets or subjects.
The measurement of gastric emptying was performed according to Malagelada et al. (20) . Flow rates passing the duodenal sampling site were calculated based on the known infusion rate of phenol red and its concentrations at the infusion and sampling ports. The rate of PEG passage at the duodenal sampling site was calculated from the products of PEG concentrations in duodenal juice and duodenal flow rates. The amount of PEG retention in the stomach was calculated by subtracting the cumulative amount of marker recovered at each time point at the duodenal sampling site from the total amount of marker recovered during the whole experiment. The volume retention in the stomach was calculated by dividing the amount of PEG in the stomach by the gastric PEG concentration. Multiplying the gastric volume by the measured gastric glucose concentration yielded the amount of glucose retained in the stomach. This amount of glucose was expressed as a percentage of the total glucose recovered during the 3 h of the experiment. Total recovery of glucose was 99.7 Ϯ 3% (mean Ϯ SEM) and did not significantly differ between experimental sets or subjects. The volume of gastric contents being emptied into the duodenum during each sampling period was calculated from the amount of PEG reaching the duodenal aspiration port and the mean gastric concentration of PEG during each interval. Gastric secretory output during each sampling period was calculated on the basis of volume movements across the pylorus and volume sampled assuming no absorption of the meal in the stomach (20) .
Shapes ( ␤ ) and velocity constants ( k ) of the emptying curves were calculated for each experiment and each subject using nonlinear least squares regression fitting of the power exponential equation f ( t ) ϭ e ( Ϫ kt )^ ␤ to the data as described previously (21) . Derived from this equation the delivery of glucose into the duodenum (kilocalories per minute) is given by the formula:
. Delivery rates of the meal marker PEG to the duodenum were correspondingly determined.
The lag period of glucose emptying as the time to achieve maximal emptying velocity was calculated as defined by Siegel (reference 22): t ( lag ) ϭ ( ln ␤ )/ k ). To assess the goodness of fit of the fitted nonlinear emptying curves, the fraction of variance in the data which can be accounted for by the fitted curve was computed for each individual emptying curve using the formula: R 2 ϭ 1 Ϫ (residual sum of squares/total sum of squares), where the total sum of squares is n Ϫ 1 times the square of the standard deviation of the observed fractions (21) .
Phenol red determinations in gastric aspirates proved phenol red reflux of duodenal contents into the stomach to be absent or negligible ( Ͻ 2% on average).
Analysis of motility tracings. Analysis of contractile events was computer assisted applying validated software (23) . Only peaks with amplitudes of at least 10 mmHg and durations of at least 2 s were considered true contractions (23) . The interdigestive period with phase II activity, the preprandial 10-min period, and the postprandial period were analyzed separately. Antral phase III was defined as the occurrence of regular contractions at a frequency of у 2.5/min for at least 2 min in the antrum and associated with sequential phase III activity in the duodenum. The time from glucose ingestion until occurrence of the first antral phase III indicating recurrence of interdigestive motility was determined. This time was subdivided into five intervals (quintiles) of equal duration for further analysis. If no phase III occurred within the recording period, the calculated 95% emptying time was taken. Amplitude (mmHg), duration (s), frequency of contrac-tions, and motility indexes were calculated separately for antrum, duodenal bulb, and descending duodenum by averaging the values derived from the two channels recording from each segment. The frequency of contractions was expressed as the number of peaks per 10 min. Motility index was determined as area under the contractions and expressed in mmHg и s и min Ϫ 1 . The antroduodenal coordination (24) was determined between the distal antral and the most proximal duodenal recording site and was expressed as the sum of coordinated antral contractions per 10 min. An antral contraction was considered coordinated with a subsequent duodenal one if both peaks occurred within a time window of 5 s.
Determinations and assays. Plasma immunoreactivities of insulin, C-peptide, and GIP were analyzed by commercially available radioimmunoassay kits (Biermann, Bad Nauheim, Germany). Plasma glucose concentrations were measured using a glucose autoanalyzer by the glucose oxidase method (YSI 1500 G; Schlag Company, Bergisch-Gladbach, Germany). Immunoreactive (IR) GLP-1 was measured using the specific polyclonal antibody GA 1178 (Affinity Research, Nottingham, United Kingdom) (25) . It exhibits 100% reactivity with GLP-1 (1-36)amide and the truncated GLP-1 (7-36)amide. Immunoreactivities were extracted from plasma samples on C-18 cartridges using acetonitrile for elution of samples. The detection limit of the assay was 2 fmol/tube. The antiserum did not cross-react with GIP, pancreatic glucagon, glicentin, oxyntomodulin, or GLP-2. Intra-and inter-assay coefficients of variation were 3.4 and 10.4%, respectively.
Statistical analysis. All values were presented as mean Ϯ SEM. Time course of motility parameters was expressed by determining contraction frequencies and motility indexes for the interdigestive period with phase II activity, the preprandial interdigestive 10 min, and the postprandial five quintiles until occurrence of phase III. Time course of plasma hormones and glucose was represented by the 2 interdigestive values before glucose ingestion and 11 values after meal ingestion or during duodenal perfusion, respectively. Increments of plasma hormones and glucose were calculated as integrated incremental values over basal (area under the response curve). Basal levels were determined as the mean of the two preprandial values. Time course of gastric retention and duodenal delivery of glucose was presented as mean Ϯ SEM of fitted data. All samples were first tested for normality of distribution by the Kolmogoroff-Smirnoff test. Differences between experimental sets for integrated plasma hormone and glucose levels, motility parameters, and gastric emptying data were analyzed by two-way repeated measures ANOVA using motility phase and amount of glucose ingested as factors. When this analysis indicated that the interdigestive phase or the glucose load elicited different responses, a Student-Newman-Keuls multicomparison test was performed. Metabolic responses to oral and duodenal glucose loads were compared by one-way repeated-measures ANOVA and Student-Newman-Keuls multicomparison test. Integrated values of IR-GLP-1, IR-GIP, and glucose delivery into the duodenum during the first postprandial hour over basal were tested for significant influences on the integrated incremental insulin response during this period using linear regression analysis procedures. Differences were considered significant for P Ͻ 0.05.
Results
Gastric emptying of glucose. In the postprandial study period of 180 min, gastric emptying of glucose was close to complete in all subjects. The parameters of glucose emptying did not differ from those of PEG emptying. The results of gastric emptying of the glucose solutions containing 50 or 100 grams in identical volumes are shown in Table I and Fig. 1 . 50 and 100 grams of glucose were emptied in an exponential manner with a short initial lag period (␤ Ͼ 1). The measured emptying data fitted well to the power exponential equation with a median R 2 of 0.973 and 25th and 75th percentiles of 0.972 and 0.991 estimating goodness of fit for the nonlinear emptying curves. Ingestion of glucose in interdigestive phase I or II had no effect on velocity or pattern of subsequent gastric emptying. This finding especially held true for the initial 30 min. Corresponding to the exponential emptying pattern, the rate of glucose delivery into the duodenum was not constant but exponentially declined over time ( Fig. 1 B) . Compared with 50 grams, glucose retention in the stomach was prolonged after ingestion of 100 grams; the velocity constant k decreased by 27.5% (Table I) .
This was mainly due to the reduced rate of gastric emptying in the first 30 min as indicated by reduced deliveries of the meal marker PEG and gastric volume into the duodenum during this period with 100 grams of glucose (Figs. 1 C and 2 C). After 80 min, deliveries of PEG and after 100 min, deliveries of gastric volume following 100 grams of glucose surpassed the values obtained with 50 grams (Figs. 1 C and 2 C). However, the shape ␤ of emptying curves remained unchanged with 50 and 100 grams (Table I) . This implies that increasing the glucose load reduces the velocity of emptying but does not affect its pattern. After ingestion of 50 and 100 grams of glucose, total gastric secretory volumes as well as total volume delivered to the duodenum did not differ significantly (Table I ). The delay in volume delivery to the duodenum during the first 60 min accounted for the greater volume remaining in the stomach from 30 to 150 min after ingestion of 100 grams compared with 50 grams of glucose (Fig. 2, B and C) . The rate of caloric delivery into the duodenum was raised after ingestion of 100 grams of glucose over the whole emptying period as compared with 50 grams (Fig. 1 B) . This held true even in the first 30 min with reduced duodenal delivery of PEG ( Fig. 1 C) because of consistently elevated gastric glucose concentrations ( Fig. 2 A) .
Antroduodenal motility. Oral glucose loads of 50 and 100 grams induced a fed motor pattern. In 26 of 32 experiments, a phase III of antroduodenal motility occurred, indicating reappearance of interdigestive motility (Table I) . Independent of the amount of ingested glucose, phase III occurred after ‫ف‬ 95% of the meal had emptied. In the six experiments without phase III activity, emptying of glucose was more prolonged with mean gastric glucose retention at 180 min amounting to 17.6Ϯ4.1% (meanϮSEM).
The durations of postprandial quintiles and interdigestive MeanϮSEM. *P Ͻ 0.05 for significant differences between experiments with 50 and 100 grams of glucose. For further statistical analysis, see Table I. phase II periods are listed in Table I . Fig. 3 shows the time course of contraction frequencies. In the antrum, contraction frequencies were significantly reduced after glucose ingestion during the first four quintiles compared with the interdigestive period. Thereafter, they increased significantly during the last quintile before appearance of phase III. In the duodenal bulb, postprandial contraction frequencies increased during the fifth quintile compared with the first three (50 grams) and the first two (100 grams) quintiles, respectively. However, there was no change compared with interdigestive motility. In the descending duodenum, no significant changes of contraction frequencies were observed. In no part of the antroduodenal segment did contraction frequencies discriminate between ingestion of 50 and 100 grams of glucose. Time courses of motility indexes and contraction frequencies were very similar, amplitudes and durations of contractions did not change with glucose ingestion (data not shown). The frequency and percentage of antral contractions coordinated to duodenal peaks as an index of propagation across the antroduodenal junction were significantly diminished after ingestion of 50 grams of glucose during the second and third postprandial quintile ( Fig. 4 ). After 100 grams of glucose, this inhibition already occurred during the first quintile and persisted until the fourth (Fig. 4) . Thus, in contrast to the parameters describing antral and duodenal motility separately, the antroduodenal coordination discriminated between glucose intakes of 50 and 100 grams. No motility parameter was influenced by the preceding interdigestive phase. Plasma hormones and glucose. Fig. 5 shows the time courses of plasma glucose and the immunoreactivities of insulin, GIP, and GLP-1 after oral glucose ingestion. C-peptide release into the circulation corresponded to insulin release (data not shown). There was a significant dose-dependent increase of all metabolic parameters after intake of 100 compared with 50 grams of glucose. Postprandial plasma levels of all parameters did not differ if glucose was consumed in interdigestive phase I or II (Fig. 5 ). GLP-1 levels rose in a dose-dependent manner from basal levels of ‫ف‬ 1 pmol/liter to peak levels of 3.2Ϯ0.6 pmol/liter after ingestion of 50 grams of glucose and to peak levels of 7.2Ϯ1.6 pmol/liter after 100 grams of glucose, respectively. After both doses, peak levels were achieved 20 min after glucose intake. Thereafter, GLP-1 levels declined sharply in parallel with decreasing glucose delivery into the duodenum (Fig. 6, A and B) . 60 min after ingestion of 50 grams and 120 min after ingestion of 100 grams of glucose, GLP-1 levels returned to basal, i.e., preprandial, values. When GLP-1 immunoreactivities returned to basal values, caloric delivery of glucose into the duodenum amounted to 1.4Ϯ0.1 kcal/min after 50 grams and to 1.1Ϯ0.1 kcal/min after 100 grams of glucose. These findings suggest the existence of a threshold of caloric delivery into the duodenum which must be exceeded to stimulate measurable release of GLP-1 into the circulation (Fig. 6, A  and B) . With both 50 (45 min postprandially) and 100 grams of glucose (90 min postprandially), the minimal caloric delivery eliciting GLP-1 release amounted to 1.8Ϯ0.1 kcal/min. GIP plasma levels rose from basal to peak levels within 15-20 min and remained elevated throughout the emptying period ( Fig. 5) . In contrast to GLP-1, the peak levels reached after ingestion of 50 grams of glucose were not different from those achieved after 100 grams of glucose. However, elevated plasma levels maintained longer after 100 grams than after 50 grams, corresponding to the prolonged flow and absorption of nutrients in the small intestine. GIP plasma levels were still maxi- MeanϮSEM. The gastric glucose concentrations were significantly higher (P Ͻ 0.001) until 160 min with 100 grams compared with 50 grams. The areas under the curves (AUC) from 30 to 150 min for total gastric volumes (B) were significantly different (2288.5Ϯ185.7 ml*120 min after 50 grams vs. 3193.5Ϯ201.2 ml*120 min after 100 grams of glucose; P ϭ 0.0015). After ingestion of 100 grams compared with 50 grams, the volumes delivered to the duodenum (C) were smaller during the first 60 min (272.5Ϯ28.9 ml vs. 348.5Ϯ30.6; AUC; P ϭ 0.0123) and greater from 100 to 180 min (306.5Ϯ18.8 ml vs. 187.7Ϯ20.5 ml; AUC; P ϭ 0.0012). mal when glucose emptying rates dropped to 1.4Ϯ0.1 kcal/min (50 grams; 60 min postprandially) and 1.1Ϯ0.1 kcal/min (100 grams; 120 min postprandially) ( Fig. 6, C and D) . When IR-GIP returned to basal levels with 50 grams, caloric delivery of glucose into the duodenum had almost ceased (0.17Ϯ0.07 kcal/min). By contrast, after 100 grams of glucose, GIP plasma levels remained significantly elevated over the whole emptying period. This prolonged GIP release would mirror ongoing intestinal glucose absorption.
Integrated values of IR-GLP-1, IR-GIP, and glucose delivery into the duodenum during the first postprandial hour over basal were tested for significant influences on the integrated incremental insulin response during this time period. Each of these parameters significantly correlated (P Ͻ 0.001) with integrated IR-insulin: r ϭ 0.56 for GLP-1, r ϭ 0.55 for GIP, and r ϭ 0.62 for glucose delivery. Stepwise and multiple linear re- The integrated plasma glucose responses with duodenal perfusion and oral ingestion of identical amounts of glucose did not differ ( Fig. 7 A) . Integrated IR-insulin was significantly higher with oral compared with duodenal administration of glucose ( Fig. 7 B) . Correspondingly, integrated C-peptide release was higher (P Ͻ 0.05) with oral than duodenal glucose for 50 grams (19.3Ϯ2.6 vs. 11.5Ϯ1.1 ng/ml*180 min) and 100 grams (32.1Ϯ3.6 vs. 22.0Ϯ1.5 ng/ml*180 min).
Duodenal perfusion of glucose elicited a constant, loaddependent GIP release with the plateau achieved after 30 (1.1 kcal/min) and 15 min (2.2 kcal/min), respectively ( Fig. 8 B) . The lower duodenal glucose load failed to increase GLP-1 plasma levels, whereas the higher load brought about a steady state of GLP-1 release after 15 min ( Fig. 8 A) . By contrast to GIP, a threshold delivery of 1.1 kcal/min into the duodenum had to be exceeded to release GLP-1. A comparable GIP release was induced by oral administration and duodenal perfusion of identical amounts of glucose ( Fig. 8 B) . Oral administration of identical glucose loads yielded a markedly higher GLP-1 release than the duodenal route ( Fig. 8 A) .
Discussion
The salient findings of this study on healthy volunteers were as follows: Gastric emptying of glucose solutions (0.125-0.25 grams/ml) of 400 ml displayed a power exponential pattern with a short initial lag period. The rate of glucose delivery into the duodenum was not constant but exponentially declined over time. Increasing the gastric glucose load raised the rate of caloric delivery into the duodenum but nevertheless prolonged gastric emptying. Plasma immunoreactivities of GLP-1 increased dose-dependently with increasing amounts of ingested glucose. In contrast to GIP, a duodenal delivery of glucose exceeding 1.4 kcal/min was necessary to release GLP-1. Oral administration of glucose yielded higher GLP-1 and insulin releases but an equal GIP release compared with the isocaloric duodenal perfusion. Considering the glucose loads and ingested volumes of this study, gastric emptying of glucose and hormone release were independent of the interdigestive motility phase which existed at the time of glucose ingestion. Glucose loads of 200-400 kcal induced a fed motor pattern with reappearance of phase III after ‫ف‬ 95% of the meal had emptied.
Gastric emptying and antroduodenal motility. A previous work using the serial test meal method for measurement of gastric emptying (26) put forward the concept of a constant rate of glucose emptying of 2.13Ϯ0.08 kcal/min throughout the emptying period not depending on glucose loads (3). However, these authors reported data from two volunteers and their follow-up period of 90 min was too short to characterize the total gastric emptying pattern of glucose solutions (see Fig.  1 A) . This inappropriately short monitoring period may have mimicked a linear emptying pattern. Also using the serial test meal, Hunt et al. (6) found mean caloric deliveries of 3.3 and 4.0 kcal/min for the first 30 min and of 1.9 and 2.8 kcal/min for the second 30 min after ingestion of 400 ml glucose with 0.5 and 1.0 kcal/ml, respectively. These authors reported a linear positive relationship between meal energy density and caloric delivery to the duodenum. These data clearly argue against a constant emptying rate not depending on gastric glucose loads. In the present study, there was a nonlinear relationship between caloric density and emptying rate (see Fig. 1 B) . This phenomenon was mainly due to initial retardation and later acceleration of volume emptying from the stomach.
In contrast to the serial test meal, the method assessing gastric emptying used in this study (20) continuously monitors gastric emptying in each subject. Moreover, this is the first study on glucose emptying where intragastric glucose concentrations were determined, thus describing the emptying of glucose itself. A shape of the emptying curve ␤ Ͼ 1 indicates an initial delay or slowing of emptying of the meal. Thus, highcaloric liquid meals containing glucose, fat, amino acids, or al-bumin (27, 28) follow an intermediate emptying pattern compared with the exponential emptying pattern of nonnutrient liquids (␤ ϭ 1), the rapid initial emptying in patients with vagotomy and pyloroplasty (␤ Ͻ 1), and the prolonged lag phase with nearly absent emptying after ingestion of solids (17, 21, 22, 29) .
The technique used in our study allows the simultaneous assessment of gastric emptying and secretion. The gastric secretory volumes after ingestion of 50 and 100 grams of glucose did not differ significantly. Thus, gastric secretion did not bias volume retained in the stomach with different glucose loads. Correspondingly, gastric glucose concentrations after the high-caloric glucose meal exceeded the values after the low-caloric meal throughout the whole emptying period. The increase in caloric delivery into the duodenum after the highcaloric meal during the first 60 min was caused by delivery of smaller volumes with a higher glucose concentration. After 100 min, volumes emptied into the duodenum per sampling period were also larger with 100 grams of glucose (Fig. 2 C) . Doubling the glucose concentration of the meal resulted in equal shapes of emptying curves but different emptying rates. The slower emptying rate with 100 grams would arguably be brought about by exposing a longer length of small intestine to nutrients, triggering more glucose sensors and initiating a stronger feedback inhibition of gastric emptying (30) . In addition to osmoreceptors, these glucose-specific receptors are the major sensory mechanism mediating this feedback inhibition (3, 30) .
In this study, the activity of interdigestive preprandial motor activity did not influence either the gastric emptying of the 400-ml solutions of 50 or 100 grams of glucose or the resulting postprandial plasma glucose levels or the release of hormones. In contrast, Thompson et al. (2) reported reduced intragastric volumes at 30 min postprandially and higher plasma glucose levels after ingestion of 50 grams of glucose in interdigestive phase II compared with ingestion in antral motor quiescence. The most likely explanation for the differences compared with our results is the low volume of 200 ml used in their study. The influence of interdigestive motility on liquid gastric emptying clearly depends on the volume administered (5); with increasing volumes the accelerating effect of antral activity at the time of liquid intake on the emptying rate diminishes compared with antral motor quiescence.
In our study, the postprandial motor pattern replaced the interdigestive motility regardless of the preceding interdigestive phase. Gastric emptying was controlled by the postprandial motility. Antral migrating motor complexes are a typical feature of the cyclical interdigestive pattern but are absent during the postprandial period. Irrespective of the caloric intake, these antral motor complexes occurred when ‫ف‬ 95% of the meal had emptied. This is an important novel finding of our study. These motor complexes indicate both the return of interdigestive motility and the approximate end of gastric emptying. Thus, migrating motor complexes, in addition to their known function as "housekeeper" cleaning the stomach of indigestible solids at the end of solid emptying (31) , likewise terminate gastric emptying of caloric liquids.
In this study, antral contractile activity was inhibited to the same extent after ingestion of 50 and 100 grams of glucose, and duodenal activity remained unchanged compared with interdigestive motility. By contrast, the number of coordinated antroduodenal events was inhibited in a dose-dependent man-ner. This observation supports the concept that the rate of gastric emptying depends more on the spatial and temporal relationship of antral and duodenal contractions than on contraction frequency at a single site. Although it was technically impossible to additionally record fundic and pyloric motility in this study, we suggest that apart from the inhibition of coordinated antroduodenal contractions, reduction of fundic tone, elevation of pyloric tone, and stimulation of isolated pyloric pressure waves which are proven obstacles to transpyloric flow would contribute to the postprandial delay of gastric emptying (32) (33) (34) .
Slowing of gastric emptying involves neural and humoral pathways. Isolated pyloric pressure waves induced by duodenal perfusion of dextrose in humans were inhibited by atropine indicating involvement of muscarinic receptors (35) . The underlying mechanisms may be both activation of ascending, intramural cholinergic excitatory neurons (36) and stimulation of vagal excitatory input arguably via vagal glucoreceptors (37) .
Acute hyperglycemia prolongs gastric emptying (38) and inhibits interdigestive antral motility in humans (39, 40) . Since acute hyperglycemia suppressed efferent gastric vagal activity (41) and inhibited the release of pancreatic polypeptide, a marker of cholinergic tone (23) , an interference of hyperglycemia with the activity of the cholinergic system may contribute to delayed gastric emptying. Since glucose plasma levels of 120 mg/dl were sufficient to suppress antral phase III activity (39) , it cannot be excluded that the physiological postprandial glucose plasma levels observed in the present study may have modified the antral motor response.
Cholecystokinin (CCK) is discussed as a candidate hormonal regulator of glucose emptying. Although plasma CCK concentrations increased only slightly after oral glucose, the CCK A receptor antagonist loxiglumide accelerated gastric emptying of glucose (28) and inhibited isolated pyloric pressure waves after duodenal perfusion of a mixed liquid meal (42). However, the pattern of glucose emptying under loxiglumide revealed that a high degree of small intestinal feedback inhibition was still operative (28) . Endogenous CCK is not the major regulator of glucose emptying.
Oral ingestion of glucose markedly raises the plasma levels of GIP and GLP-1. Therefore, the role of these peptides as hormonal regulators of glucose emptying has to be discussed. So far no data are available which demonstrate an effect of GIP on gastric emptying in humans. Supraphysiological intravenous doses of GLP-1 inhibited gastric emptying (13) . After preprandial subcutaneous injection of GLP-1 resulting in plasma immunoreactivities which peaked in the early postprandial state, we could show a dose-dependent prolongation of the lag period without any influence on the subsequent emptying period of a mixed liquid meal in healthy volunteers (14) . In any case, endogenously released GLP-1 should be considered as an inhibitory regulator of gastric emptying. However, studies with a GLP-1 antagonist are needed to fully elucidate the physiological significance of GLP-1 in this context.
Release of incretin hormones. This is the first study characterizing the load-dependent release of GLP-1 in relation to the gastric emptying of glucose. GLP-1 plasma levels rose approximately from basal levels of ‫ف‬ 1 pmol/liter to fourfold after ingestion of 50 grams of glucose and to eightfold after 100 grams, respectively. The magnitude of GLP-1 plasma levels reported here is in accordance with data published recently from our laboratory after oral ingestion of glucose and a mixed liquid meal (25) . In the present study, IR-GLP-1 peaked in the early postprandial period at 20 min after glucose intake independent of the ingested glucose dose. Thereafter, IR-GLP-1 sharply declined depending on the amount of glucose ingested. Basal values were reached at 60 min after the low and 120 min after the high glucose load, respectively.
Similarly to IR-GLP-1, IR-GIP peaked at ‫ف‬ 20 min postprandially. However, in contrast to GLP-1, IR-GIP remained elevated over the whole gastric emptying period. This pattern of GIP release is in accordance with GIP secretion depending upon the rate of glucose absorption in the duodenum and upper jejunum and not the mere presence of nutrients in the small intestine (43) .
To estimate the relative importance of GLP-1, GIP, and glucose delivery into the duodenum for the postprandial insulin release, stepwise and multiple regression analysis indicated all three parameters to be independently associated with insulin release during the first postprandial hour. The high correlation of r ϭ 0.93 for all three factors combined seems to characterize them as the crucial enteral determinants of postprandial insulin release after glucose intake.
The mechanisms by which ingested nutrients trigger GLP-1 release from intestinal L cells are unknown. In each of the 32 experiments measuring gastric emptying, IR-GLP-1 declined to preprandial values independent of the oral glucose load when caloric delivery into the duodenum fell below 1.5 kcal/ min despite elevated plasma glucose and IR-GIP levels. To test this observation, we perfused glucose solutions directly into the duodenum applying the same total glucose load as orally administered in the gastric emptying experiments. Duodenal perfusion of glucose at 1.1 kcal/min did not stimulate GLP-1 release, whereas duodenal perfusion at 2.2 kcal/ min elicited a constant GLP-1 release after 15 min of perfusion. By contrast, GIP release was stimulated already by the low-caloric perfusion and rose with the high-caloric perfusion in a dose-dependent manner. Thus, the mere luminal presence or absorption of nutrients in the duodenum is insufficient to induce secretion of GLP-1. We suggest the existence of a threshold of caloric delivery into the duodenum which must be exceeded to stimulate measurable release of GLP-1 into the circulation. Oral administration of identical glucose loads yielded a markedly higher GLP-1 release than duodenal perfusion. In terms of 50 grams, the duodenal perfusion rate of 1.1 kcal/min was insufficient to release GLP-1. In terms of 100 grams, the initially rapid gastric emptying of orally ingested glucose markedly exceeding duodenal deliveries of 2.2 kcal/ min most likely brought about the higher GLP-1 release. An alternative explanation would be the stimulation of GLP-1 release by gastric mechanisms such as gastric distension. However, studies on patients after total gastrectomy showing extremely high postprandial GLP-1 plasma levels due to rapid emptying of the gastric substitute (44) argue against a significant role of the stomach in mediating GLP-1 release. So far, no data are available proving the existence of a "gastric phase" of GLP-1 release. By contrast with GLP-1, comparable amounts of GIP were released after oral and duodenal glucose. GIP release is not directly related to gastric emptying but is governed by intestinal glucose absorption. The incretin effect in response to low duodenal glucose loads would be mainly mediated by GIP and not by GLP-1, which is not released by these low loads. The markedly higher insulin release by oral as com-pared with duodenal administration of glucose would be explained by distinctly higher releases of GLP-1.
The intraluminal presence of nutrients in isolated segments of the small intestine (25) and in the intact human ileum (45) can stimulate GLP-1 secretion. Here, contact of luminal nutrients with the luminal part of L cells is suggested to be involved in hormone release. GLP-1 secretory L cells are localized mainly in the distal part of the intestine, e.g., ileum, colon, and rectum; significant amounts of cells have also been found in the jejunum, but not in the duodenum (16) .
Two mechanisms can be suggested to explain postprandial GLP-1 release. On the one hand, a threshold duodenal flow of glucose would be necessary to allow a minimum of glucose to escape the absorptive surface of the duodenum. This minimal amount of glucose would reach the proximal L cells and would be sufficient to stimulate GLP-1 release. However, the very rapid rise in GLP-1 levels observed after placement of glucose into the stomach, which was significant at t ϭ 5 min, casts doubt on the view that any jejunal cells significantly contribute to these increments. The absorptive capacity of the human duodenum for carbohydrates was shown to amount to 212 mg/min (0.85 kcal/min) to 359 mg/min (1.44 kcal/min) depending on the osmolality of the nutrient perfusate (46) . Already during the first 5 min of gastric emptying the rate of caloric delivery into the duodenum surpassed this absorptive capacity (see Fig. 1 B) . Thereafter, the time to reach maximal caloric delivery, the lag period (see Table I ), was in good agreement with the time to maximal GLP-1 plasma levels; maximal duodenal flow rates coincided with maximal secretion of GLP-1. Therefore, luminal stimulation of jejunal L cells by glucose may contribute to the rapid postprandial rise of IR-GLP-1.
On the other hand, most L cells are localized in more distal parts of the intestinal tract which are not exposed to luminal contact with nutrients during early postprandial GLP-1 release. Therefore additional factors, e.g., hormonal or neural signals, may be the dominant mechanism eliciting the rapid postprandial GLP-1 secretion. Then, a threshold rate of duodenal nutrient flow and/or nutrient absorption would initiate a neural and/or hormonal signal to the distal gut releasing GLP-1. In rats, GIP from the duodenal mucosa stimulated GLP-1 release, suggesting an enteroendocrine loop between the duodenum and more distal parts of the intestine (47) . However, experiments in humans did not show any stimulation of GLP-1 secretion after exogenous infusion of GIP (48) . The latter observation is in agreement with the present study showing no correlation between postprandial IR-GIP and IR-GLP-1. CCK, released from duodenal mucosa by nutrients including glucose, can be ruled out as a mediator of GLP-1 release in humans, since a specific CCK antagonist failed to change insulin secretion in response to duodenal perfusion of a mixed meal (49, 50). In addition, CCK does not stimulate GLP-1 release from rat intestine in vitro (51) and in vivo (47) . Cholinergic agonists as well as the neuropeptides gastrinreleasing peptide and calcitonin gene-related peptide have been reported to release GLP-1 from the isolated perfused rat ileum (52) and colon (53) when intraarterially infused. However, at this time no conclusive human data are available regarding the nature of the postulated signal to the distal gut.
The dependency of GLP-1 release on a threshold delivery of nutrients to the small intestine may provide GLP-1-induced insulin release when high insulin levels are needed, e.g., just in the early postprandial state, thus preventing hyperglycemia.
On the other hand, sharply declining GLP-1 release in the later postprandial period may serve as a safeguard against hypoglycemia.
